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Abstract 
Convincing people to try something new, strange and expensive is not easy.  Convincing them to embrace something that they 
fear and struggle to understand is almost impossible.  Many people seem to fear CO2 Capture and Storage (CCS) and remain 
skeptical that it will evolve into a huge opportunity to control global CO2 emissions.  It needs to be explained in terms normal 
people understand.  Not everyone speaks the same language or starts from the same point of reference.  
 
This effort is by a high school junior using common language and images familiar to me and my friends to visualize basic science 
relationships related to the storage part of CCS: soccer balls and playing fields.  It considers key components of well systems and 
makes comparisons with the behavior of natural phenomena like ant hills enduring in a light rain storm, and compares that with 
their fate when attacked by a little brother with a water hose.  It asks questions about the dimensions of the systems, and how key 
components might work.  It’s about putting CO2 underground, but how do you explain that with soccer balls? 
 
Instinctively, the big question is will the CO2 stay underground?  What will happen to it with time? Why won’t it just come right 
back out a well like a straw? What about all those wells anyway? Should people get hyped-up about them?  Aren’t they filled 
with cement?  Think, CO2 in water makes an acid.   What will that acid do?  Is it about pumping and sucking fluids thru barriers 
as strong as steel instead of allowing them to flow freely in a hose?  Stay tuned and read on. 
 
Full disclosure: This paper is not exactly cutting edge science; it offers no new data, and tests no hypothesis although it makes 
some original calculations. It’s about communication and visualization, so it deliberately dodges some important details about 
well construction techniques, reaction rates, kinetics and the multiphase behavior of supercritical CO2, even in the same reservoir.  
It touches on fundamentals of reservoir porosity and permeability, and even subsurface fluid flow but just barely.  Just enough to 
be cool, stressed, over pressured and dense phased, more or less like the injected gas we care so much about. 
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1. Introduction 
The current atmospheric concentration of carbon dioxide stands at about 385 ppm [1]. That value is considered 
enormously high compared with the recent geological past, and at a threshold that poses a serious danger for 
accelerated climate change [1]. Even with this near record concentration of atmospheric CO2, 385 ppm is really only 
a trace amount. Plants can take some CO2 out of the air, but the only way to keep CO2 levels from increasing is to 
vastly lower the amounts we are putting into the atmosphere.   
 
The idea is to clean up and prevent large emissions from industrial plants such as coal or natural gas burning power 
stations that emit large amounts of relatively concentrated CO2.  It is a lot easier to separate and collect large 
volumes of CO2 from industrial scale, high concentration emitters than it is to gather small volumes from a bunch of 
diffuse point sources, like automobiles. That’s what CO2 capture is all about.  Once you capture it, you need to do 
something with enormous volumes of gas. The answer to that is geological storage. 
 
Geological storage involves injecting highly concentrated CO2 into the tiny pore spaces of rocks [2]. No one is 
seriously talking about injecting into caves or giant holes in the ground.  Not just any rock will do. It requires special 
rocks that have flow properties that allow injection. To prevent upward flow, or leakage, those rocks need to be 
covered by other rocks that have just the opposite properties—they need to be essentially impervious to gas and 
fluids and act as seals. The goal is for CO2 to remain stable in the ground and not move around.  For a variety of 
reasons, including for injected CO2 to remain physically less mobile, it will be stored where expected pressure and 
temperature combinations normally correspond to depths greater than 800m (2624 ft) [3]. For efficient injection gas 
needs to be highly compressed. 
 
 
 
 
 
 
2. Compression: The Beast 
Anyone who has filled a ball with air understands the concept of compression.  As you pump away and put more 
and more air into the ball, it expands and fills the closed volume.  Then as the expansion stops the pressure goes up, 
the air density increases, and the ball gets heavier. With geological storage we need to put highly compressed gas 
called supercritical CO2 in our confined storage space [4].  
 
The compression is pretty amazing.  The volume of 356 soccer balls filled with CO2 on a playing field are 
compressed to the volume of one soccer ball filled with supercritical CO2 at a depth of 1000m and at a temperature 
of 25 degrees celsius. Or think of it as 356m
3
 of emitted CO2 reduced to 1m
3
 in the subsurface. That’s not quite the 
conversion factor of days into years.  The un-pressured gas inside a soccer ball on the field has a mass of merely 
11.4g. The same volume filled with supercritical CO2 at 1km depth would have a mass of 4kg. 
 
 
 
Carbon dioxide will 
be injected at 
depths greater than 
800 m [3].   
That’s about equal 
to two times around 
a standard high 
school track. 
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3. Supercritical CO2  
 
Supercritical CO2 is an important part of geological storage because it makes injection easier and faster, it minimizes 
the volume of pore space required for storage, and it does not have free water associated with it.  
What is it exactly? 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
4. Injection: Blow it a Kilometer Down a Straw? 
 
Pumping up a ball is easy. You stick an air needle into a valve and pump away.  Compressed air gets delivered 
through a narrow metal cylinder and into the ball, the storage site.  For underground storage the air needle is a well, 
and it even has pressure control systems that act like a valve on a soccer ball.  Sometimes balls leak because you 
puncture them, but most often it’s the valve that leaks.  Just like a car tire.  Sometimes a nail causes a flat, but the 
most common failure is the valve or the valve stem.  The well is the leakage path of greatest concern [3, 4]. 
What makes a well leak, what makes one strong?  To understand well leakage we need to first consider how  
they are constructed, and that fabulous phrase of obfuscation:  “wellbore integrity.” 
Compression required to make 
‘supercritical CO2’ 
 
• The volume of one soccer 
ball filled with supercritical 
CO2 corresponds to the gas 
in 356 soccer balls on the 
playing field 
• Density of CO2 at STP = 
1.96 g/L 
• At 1000m below the surface 
and 25C density of CO2 is 
700-800Kg/m
3
 [2] 
• Volume of standard FIFA 
size 5 soccer ball = 5.8L 
• 11.4g of pure CO2 at STP 
fits in to one soccer ball 
• 4kg of supercritical CO2 
occupy the volume of a 
soccer ball in a reservoir 
 
Based on [3] Supercritical CO2 is:  
• Commonly known as dense phase CO2 (D = 700-800 kg/m
3
, at 25C, 1000m) 
• Displays properties of liquids (high density) and gases (low viscosity) 
• Less dense than subsurface water (60-70%), so it’s relatively buoyant 
• Normally dry, with no free water, so it causes no corrosion to steel. 
• A phase with solubility properties very different from gaseous CO2.  It dissolves 100-150 times more water 
depending on P/T. 
• Stable at subsurface reservoir intervals greater than 800m and common reservoir temperatures 
• Can be injected at high velocity (a lot more in, a lot faster than gaseous CO2)  
• Easily transportable and allows very high flow rates through a pipeline compared with gas 
• Less soluble in lower salinity brines than ‘regular’ CO2 
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5. Well Design  
 
Wells are not just holes in the ground, and they certainly are not open tubes like straws.  Modern wells are seriously 
engineered systems of steel, cement and valves, with internal devices called packers that prevent flow [2].  A good 
visualization of a well is as a gigantically long telescoping steel pointer, set in cement.   
The purpose of all the cement and steel is twofold:  
 
• It physically maintains the wellbore, prevents collapse and allows continued access to the subsurface 
• It isolates production or injection zones from all the other rocks and prevents unwanted flow  
 
Wells are constructed by drilling a series of telescoping holes of progressively smaller size.  A tubular hole is drilled 
starting at the surface with a large drill bit.  The drill bit is removed.  Steel casing is inserted.  Cement is pumped 
down the steel casing and then pushed up out of the bottom of the casing along the formation to the top, locking the 
tube in place.  The process is repeated with narrower drill bits.  Sometimes liners or narrower pipes are inserted in 
the wells.  Sometimes the cement jobs are not so perfectly done.  Sometimes wells have portions that are “open-
hole” meaning that they are not lined with steel casing and cement but have intervals with narrower, free standing 
production tubes.  In some geologic settings the middle portions of wells are “open-hole” and sometimes it’s only 
the lowermost part. Because wells are drilled for oil and gas, sometimes deeper portions of wells are dry, and they 
have been abandoned without any cement or steel.  This type of abandoned well is of concern in CO2 storage sites.  
 
The figure below shows a generalized well system.  It is a series of steel tubes or “casing” enclosed in cement.  In 
the upper shallow section the central wellbore is separated from the rock by three layers of steel and cement, which 
means any shallow water aquifer has good protection by design from anything in the well.  In the deepest section 
there is only one layer of steel and cement.  Not all wells have this standard of design and protection.  Some have 
“open holes” in their lower part which means no steel casing and little cement.  Some wells have large intervals with 
“production tubes” instead of cemented casing.  This means that storage projects will need to make a good inventory 
of existing wells and well types. 
 
 
 
 
 
The pump is like a 
wellbore with a needle 
as an injection system 
delivering air into the 
ball. 
 
Just like air leaks 
through the valve of a 
soccer ball, leakage 
may occur through the 
seal of the storage site. 
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6. Fluid flow and the long term integrity of cement in the well 
 
Cement in wells prevents unwanted fluid flow from one zone to another.  The long-term integrity of cement in wells 
exposed to CO2 has been considered a major concern for the viability of storage systems [4, 5, 6].  Simply, if the 
cement gets destroyed by CO2, then leakage is a real possibility. Once the cement is gone, there is nothing to keep 
CO2 in the well.  What will happen? 
 
 
Some tests and experiments have been done to investigate the problem, and early results suggested strikingly 
different conclusions. When subjected to rapidly flowing acids, nearly everyone agrees that cement will deteriorate. 
The question is: is this representative of what goes on in wells?  Based on experimental data and models for 
diffusion of CO2 through the matrix of the cement, Duguid [7] and Bartlet-Gouédard [8] suggest that carbonation 
(the process by which CO2 reacts with cement) will occur rapidly, causing its deterioration. By contrast, Kutchko [9] 
found that cement that cures at pressures and temperatures common to subsurface reservoirs will be less prone to 
carbonic acid attack than surface curing.  The rate of CO2 attack is slow, and the mechanisms are somewhat 
• Aquifers would be 
shallow and 
protected from the 
well by multiple 
steel-cement layers 
 
• The over-burden is 
the zone above the 
seal.  It may easily be 
greater than 1000m 
and contain other 
potential reservoirs 
 
• Plugs help prevent 
CO2 migration due to 
buoyant flow 
 
• A seal covers the 
reservoir and 
prevents vertical 
migration of CO2 
 
• An injection tube 
would be inserted for 
injection 
 
• Perfs are holes in the 
casing that go into 
the reservoir and  
allow injected fluids 
to flow into the 
reservoir 
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different when exposed to supercritical CO2 than for CO2 dissolved in brine or salty water [10].  So the rate of 
exposure has a lot to do with it, and the models for rapid matrix diffusion might not be so perfect. 
 
To visualize the concepts more easily, consider the common anthill.  Imagine that this anthill is being threatened by 
your little brother with a hose. When he turns the hose on, a rush of high-pressured, fast moving water utterly 
destroys the hill. The anthill in this case represents the cement in a well.  It can’t withstand the force of the fast 
moving water (fast flowing CO2) and, like the cement in the well, ceases to exist. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Now consider studies with slow flow rates, such as those of Kutchko, and why they suggest a different outcome. Her 
experiments found cement to be able to retain its structural integrity, concluding that flow rates in the subsurface 
would be slow, ensuring the success of the system [9, 10].  
 
In anthill terms, instead of suffering the cruelty of your brother, the previous anthill goes through a light rain. Rain 
won’t destroy the anthill because the water isn’t moving fast enough. Instead, a rind will form protecting the rest of 
the hill. With slow fluid flow, the same will happen to cement in a well: it will chemically react and form a rind that 
inhibits flow rates and helps keep the cement structurally sound.   
  
 
 
 
 
 
 
 
 
 
 
7. “Ground Truth” – the message from the depths 
 
It is important to investigate what happens under real subsurface conditions and compare that with experimental 
results.  Core samples of cement from wells exposed for prolonged periods of time to CO2 have been found to be 
substantially intact [5, 6]. These results suggest that the flow of CO2 through cement in the subsurface will indeed be 
slow. Some that previously believed that fluid flow in the subsurface would be fast are reaching similar conclusions. 
Duguid [11] shows how laboratory analysis has led him to conclude that it will take tens to hundreds of thousands of 
years for CO2 to degrade 25mm of cement, and not decades like he previously concluded. 
 
With a high-pressure 
hose, the anthill  
succumbs to the force 
of the fast moving  
water. No rind forms.  
 
Cement in a well 
exposed to fast 
moving acidic fluids 
will be destroyed. 
Acidity will be less 
important 
than flow rate. The 
system leaks. 
 
With gentle rain the anthill slowly 
reacts and adjusts. A crust, like a 
rind, forms on the surface and  
deflects water flow. The ants are not 
threatened. Cement does the  
same thing: it mineralizes and  
inhibits flow. Acids are neutralized. 
Undisturbed, 
without water 
flow, an anthill is 
stable. 
Just like cement in 
a well, it 
maintains 
its structural 
integrity.  
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Recent studies also suggest that slow fluid flow might actually change cement in beneficial ways that support long 
term well integrity. Crow [6] and Carey [5] both found that core samples to have undergone mineral alterations. 
These alterations locally reduce the effective permeability of the cement and actually make it harder for the CO2 to 
flow or eventually escape [6]. How is this possible? The figure below might help you understand it better.  
 
In the subsurface, cement undergoes physical strain, and may even fracture. These fractures provide new preferential 
leakage paths for the CO2 to escape, however slow fluid flow prevents leakage. As the CO2 seeps in the cracks, it 
reacts with the cement. Because the cement reacts slowly, minerals form. The permeability of these minerals is 
much smaller than that of the cement, so CO2 can’t escape through these fractures. Well integrity is retained.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8. Conclusion 
 
Storing large volumes of CO2 in the subsurface offers an important way to reduce net emissions to the atmosphere 
and lessen the rate of a warming planet. However, concerns about the technology have been raised. The question is, 
will it work?  So far, it looks good technically.  The public needs to understand some of the major issues in a 
language they comprehend so that they agree it is worthwhile. Try out some of these high school level examples. 
 
• Elements around a well system include the steel well casing, cement and rock.  The figure is not 
drawn to scale. 
• The red arrows suggest some possible leakage pathways.  
• CO2 can leak through cement via preferential leakage paths (cement defects: porous holes and 
fractures).  Most of these are very small and isolated. 
• Pressure and buoyancy in the subsurface can drive flow and leakage [3].  
• Because of pressure and very low flow properties of cement, vertical flow will be very slow.  
• Slow fluid flow allows minerals to form in void spaces and effectively decreases porosity and 
permeability. 
• If there is some direct pathway for CO2 to reach the surface, it overwhelms other issues. 
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